In a recent paper under this title Furth (1948) has discussed the derivation and interpretation of Nyquist's formula (Nyquist 1928), and presented a theory proposing to treat the fluctuations of electric current in a thermionic valve under all conditions of operation on a basis of thermodynamic equilibrium. The writer would like here to offer certain objections of a fundamental character to the latter undertaking and to make some suggestions of relevance to the problem.
In a recent paper under this title Furth (1948) has discussed the derivation and interpretation of Nyquist's formula (Nyquist 1928) , and presented a theory proposing to treat the fluctuations of electric current in a thermionic valve under all conditions of operation on a basis of thermodynamic equilibrium. The writer would like here to offer certain objections of a fundamental character to the latter undertaking and to make some suggestions of relevance to the problem.
Furth, in the first part of his paper, has provided an interesting alternative deriva tion of Nyquist's theorem. He has there replaced the arbitrary network under consideration by an ensemble of N damped oscillatory circuits; the approximation to the given network may then be made as close as one pleases by choosing N sufficiently great.
In spite of Fiirth's criticisms, however, the author considers Nyquist's own deriva tion to be valid. The objection that Nyquist's introduction of an ideal loss-less line leads not to an integral spectrum but rather to a discrete (line) spectrum may be answered by observing th at the separation of the eigen-frequencies may be made smaller than any given quantity (cf. Riemann definition of an integral), since the line may be extended without limit. Further, it should in any case be observed th at Nyquist introduced the line merely as an artifice for determining the magnitude of the fluctuation, having already established essentially th at the fluctuation in a resistance must be distributed continuously in frequency. The procedure might well be considered as analogous to the specification of a particular substance (e.g. a ' perfect ' gas for simplicity) as working fluid in a Carnot cycle yielding none the less end-formulae of general validity.
Secondly, Nyquist's discussion of generation and dissipation of electrical fluctua tions seems to be in complete harmony with the classical Langevin (1908) formula tion of the Brownian movement problem. There in the simple case of a Brownian particle under no external force field the equation of motion is written
where F(t) represents the stochastic force, while fu is the 'viscous drag' of the medium. Exactly analogously in an electrical circuit with inductance L and resistance R we may write ax
L^ + R i = E lf) .(2)
Here E(t), the fluctuating e.m.f., may be regarded quite legitimately as 'generating ' the fluctuation and the term Ri as representing 'dissipation'. Furthermore, of course, if two elements at different temperatures are connected, then a net electrical energy flow will occur which may perfectly reasonably be regarded as a consequence of current flow in one resistor being produced by the fluctuation e.m.f. in the other. In the limit of perfect thermal equilibrium the statement th at generation and dis sipation are equal is then only another way of expressing the law of detailed balanc ing. Finally, the notion of dissipation is very valuable in emphasizing th at the resistive parameter to be inserted in Nyquist's equation must be th at appropriate to power dissipation for the frequency component(s) under consideration. This will be exemplified later on p. 228. In the second part of his paper, Fiirth has proposed th at Nyquist's theorem may be applied directly to a thermionic valve under all operating conditions to yield the current fluctuations. Such a proposal is not new- Llewellyn (1930) and Bell (1938) have made similar proposals-but the argument employed and application are novel. In an attem pt to avoid tedious general argument, the writer will limit himself to criticism of certain specific statements of Fiirth's which form keystones of the latter's derivation.
Fiirth opens by the statement '...w e are now justified in trying to reverse the procedure, namely, to apply the method of statistical thermodynamics for the deri vation of the shot-effect formulae... ', and continues '... I t can first be objected th a t the shot-effect seems to be intimately tied up with the flowing of a finite mean current 1 through the valve, whereas it was supposed that no mean current flows in a circuit exhibiting thermal fluctuations, and it may therefore be suspected th at the presence of a source of power, for example, a battery, is essential for the shot phenomenon '. In his first step to remove this difficulty he says: ' I t is easy to see, on the one hand, th at one can include a battery in a metallic circuit which will produce a non-vanishing steady mean current but will obviously, not alter the magnitude of the fluctuation' (my This appears anything but obvious to the writer; granted it is an experimental fact th at in good metallic conductors at normal temperatures, where the relaxation time is extremely short, normal currents do not measurably alter the magnitude of the fluctuation. This, however, is only a consequence of the fact th at the drift velocity producible under these conditions is entirely negligible in comparison with the random thermal velocities. Such conditions, however, are completely vitiated in the thermionic valve. Furthermore, at low temperatures where the electron mean free path in conductors can become very long it might well be anticipated th a t significant deviations would arise.* I t thus appears th at the proposed argument has no general validity. to ensure th at no mean current flows through the measuring device (which could equally well be devized by providing a straightforward 'backing-off' potential for the galvanometer through a simple potentiometer) has no connexion whatever with the essential fact th at a mean current must pass through (each) thermionic valve in order th a t shot-effect may be observed in these circumstances. Whenever noise measurements are carried out, it is normal to 'block-off' the D.C. component of current a t some stage of the amplifier by inserting an isolating condenser; it can hardly be maintained th at such a condenser is relevant to the question whether shot-effect in the original valve depends on the mean current through it. F u rth 's On the theory of electrical fluctuations other main concern lies in '...th e application of statistical thermodynamics in general and of the equipartition theorem in particular to valves from which a current is drawn, as in such a case the electrons are not in thermodynamic equilibrium with the emitting electrode and with the rest of the circuit,... the velocity distribution is essentially asymmetrical, a fact which cannot be reconciled with a statistical equilibrium'. Fiirth suggests th at this difficulty can be overcome by considering the circuit of figure 2 (his figure 4) derived directly from the previous circuit. '.. .Here the outer circuit ( A C B E D F ) contains both emitting electro ally and is therefore equivalent to a device in which the velocity distribution of the electrons is completely symmetrical [my italics], so th at they can now be regarded as being in thermal equilibrium with these electrodes at their temperature T ' I t appears that this statement does not correspond with the facts; the presence of the (cold) collecting grid ( D ) in the valve completely destroys the thermal eq and the symmetry of the electron velocity distribution. Essentially there will be two electron streams (
F -D; E-D)
, each having an individually asymmetric v distribution and to put one glass envelope around them does not render the overall stream symmetrical any more than the electron streams in the two individual valves of figure 1 are themselves symmetrical in velocity distribution.
The writer is thus unable to accept the detailed theory of Fiirth's based on such premises. Further individual criticisms may be levelled; for the sake of brevity, however, only one final point will be discussed. In one case only Nyquist's theorem can be applied to a thermionic valve (Schottky 1936; North, Thompson & Harris 1940) , namely, where the anode and cathode are at the same temperature T (or rather more strictly the whole valve is supposed to be placed in an ' oven ' at temperature T) and no mean current flows through the valve. In this very case, however, Fiirth a formula arrives at (a not necessarily equal to unity or zero) differing from Nyquist's formula by the factor (1 + a 2)/(l + a). This factor arises because Fiirth's analysis leads to the introduction of a new resistance parameter [here in place of Ra. A Fiirth himself, however, has earlier pointed out th at Ra (the differential resistance of the valve as measured a t its terminals) should be employed in the case of valves, and it is evident th at no other parameter could be eligible since it is Ra th a t measures the capacity of the valve for absorbing power for a current component a t a given frequency (see earlier discussion on the use of the terms 'generation' and 'dissipa tio n ' in this connexion). I t appears th a t the writer's experiments in this field com mented on by Furth in his paper and elsewhere (MacDonald 1947; Fiirth 1947) are to be explained simply on the grounds of a discrepancy between the actual physical valve employed (two hot electrodes within a ' cold ' glass envelope) and the idealized model of two electrodes in an oven.
Furth has said th at the theory of North et al. (1940) involving the detailed evaluation of the interelectrode field and the paths of the electrons within the field ' is incomparably more complicated than the present one ' (Fiirth's). The underlying reason for the complexity of the well-established analyses of North (1940) and Schottky (1937) appears to lie clearly in the fact th at we are not dealing with a system in thermodynamic equilibrium involving reversible processes. Very general (and very simple) equations involving only one or two macroscopic parameters and universal physical constants are thus not available and it is inevitable th at one must delve rather deeply into the detailed analysis of the mechanism concerned particularly where a degree of interaction is involved as in the space-charge limited thermionic valve.
The saturation is approached. On the one hand, the latter behaviour should occasion no surprise, since it seems quite evident that the departure from thermal equilibrium is very great under saturation conditions, where an external battery is supplying large quantities of energy. On the other hand, the semi-constancy of in the spacecharge region has often in the past invited attempts to derive (4) by a direct applica tion to the valve as a whole of some general theorem based on thermal equilibrium. * It appears to the author that this problem may perhaps be qualitatively resolved when one reflects that the space-charge region of valve operation, although of course of immense practical value, only represents a relatively small part of the overall range of operation. Figure 3 illustrates this point. Since the space-charge region is in fact contiguous with the retarding-field region, it appears hardly surprising th at detailed calculation of 0 yields then a result not differing very greatly from th a t obtaining in the retarding-field region. One recalls perhaps Simon's (1937) discussion of the diagram of state of any substance where one is brought to realize th a t the liquid state-although again of great practical importance-may be regarded in a sense as an ' accident ' representing only a very small region of the whole range of variation of the physical parameters. In this connexion, too, one might also draw a further analogy. In both the satura tion and retarding-field regions the current fluctuations may be expressed directly by Schottky's formula (Schottky 1918):
In neither of these regions can the transit of one electron pre vent or induce the passage of its neighbours. If a tendency toward co-operation existed, then one would expect the transition from the one extreme region to the other to be accelerated with concomitantly enhanced fluctuation somewhat after the fashion of a Curiepoint transition in temperature. This would of course be interpretable in Schottky's equation .as corresponding to multiple electron transits. On the other hand, the Coulomb interaction between electrons provides a degree of 4 anti-co-operation ' which gives rise to the intermediate region ( in figure 3) providing a 'smearedo u t' transition. Here we should thus anticipate a reduction of the fluctuation in terms of Schottky's formula; this is of course observed as 'space-charge reduction of shot noise ' and is formally expressed by setting W 2 = 2 e /r 2A/, (6) with T2<1.
